A Phantom v7.3 fast digital camera was used to study visible light fluctuations in the High Beta Tokamak-Extended Pulse (HBT-EP). This video data is the first to be used to analyze and understand the behavior of long wavelength kink perturbations in a wall-stabilized tokamak. The light was mostly comprised of Dα 656 nm light. Profiles of the plasma light at the midplane were hollow with a radial scale length of approximately 4 cm at the plasma edge. The fast camera was also used to measure the plasma's response to applied helical magnetic perturbations. The programmed toroidal phase angle of the resonant magnetic perturbation (RMP) was directly inferred from the resulting images of the plasma response. The plasma response and the intensity of the RMP were compared under different conditions. The resulting amplitude correlations are consistent with previous measurements of the static response using an array of magnetic sensors.
Introduction
Cameras and other visual diagnostics have become crucial for understanding a plasma's behavior in magnetic fusion research devices. These diagnostics can include photomultiplier tubes [1] , photodiodes [2] , and cameras. High-speed digital cameras, also known as fast cameras, have been used previously on tokamaks to study soft x-rays [3] , and in the visible spectrum have captured edge localized modes (ELMs) [4] [5] [6] [7] , neoclassical tearing modes (NTMs) [8] , dust [9] , modes in the divertor region [10] , and local behavior with gas puff imaging (GPI) [11] . Recently, light emission measurements have been shown to be useful in detecting the quasi-stationary MARFElike structures as well as the helical modulation of small scale turbulence in a reverse field pinch [12] . In a stellarator, gated visible tomography has been used to detect the internal structure of rapidly rotating modes [13, 14] . This paper presents measurements from a high-speed video camera diagnostic on the High Beta Tokamak-Extended Pulse (HBT-EP) [15] [16] [17] . These measurements extend previous research on plasma videography and establish quantitative correlations between the amplitude and phase of visible light fluctuations, and those of edge magnetic field fluctuations. HBT-EP is a circular cross-sectioned large aspect ratio tokamak with dimensions R = 0.92 m, a = 0.15 m and a magnetic field of 0.35 T. HBT-EP is unique in that it has twenty internal movable wall segments ('shells') that permit different wall configurations. The simple presence of these shells can passively stabilize plasma perturbations, and moving them into different positions has a strong impact on the plasma's stability [18, 19] . In addition, 216 magnetic sensors give us a full view of the plasma's edge and aid in building a picture of the plasma's response to magnetic perturbations [17] . Figure 1 shows where the shells and sensors are located on HBT-EP and also includes the control coils. HBT-EP has three sets of 40 control coils which can be programmed independently to excite different plasma modes. The most recent work on HBT-EP has involved active feedback [20, 21] to drive the control coils in real-time to compensate for changing magnetic perturbations.
Experimental setup
A Vision Research Phantom v7.3 camera [22] was installed to capture the plasma's global behavior using visible light emissions. Because the magnetic fields near the chamber are stronger than the camera's tolerance, a 48 inch Schott IG-163 imaging optical fiber cable [23] was used to carry the light from the zoom lens at the port to the first of two 50 mm lenses at the camera. The two 50 mm lenses allowed a filter to be placed between them. During some measurements, a Dα filter was used, but measurements by a spectrometer confirmed that the Dα light dominated. The light emission and the image structures were found to remain unchanged without the filter. This is consistent with the light expected from interactions between neutral deuterium and plasma electrons.
The camera was operated at frame rates from 63 to 125 kfps. Because the temporal resolution of the images decreases as the spatial resolution is increased, a balance between them was necessary to properly resolve the plasma movement. The ideal spatial resolution was determined to be 128 × 128 pixels at a frame rate of 88 kfps.
Inside the tokamak, the stainless steel vacuum vessel and the movable chrome-coated shells are reflective. To record light directly from the plasma and prevent reflections, a 140 mm by 775 mm sheet of aluminum, coated with Acktar Spectral Black™, was attached to the vessel wall with welded studs. The shells could be moved away from the black background for inversion measurements, or moved in front of the background to protect it from the plasma when the background wasn't needed. Figure 2 shows the camera view with the shells retracted, and in figure 3, viewing paths can be seen. The black material is revealed in the gap separating the wall segments. Figure 3 also demonstrates the relationship between the camera's toroidal viewing angle and the representative magnetic diagnostics. Within the camera's view are shell segments with a poloidal array of 48 Mirnov detectors, described in [17] . These detectors allow for correlation measurements between the orientation of the magnetic perturbations and the structure of the visible light fluctuations.
Abel inversion results
The camera in combination with the black background can provide information about the radial profile of the light. First, a linear array of data was created from the 2D images. A rectangle of pixels corresponding to the light in front of the black background was extracted from each 2D image in the data video. This rectangle was then averaged in the vertical direction, creating a horizontal array of about 110 pixels. Because the black background was located at the midplane of the tokamak, the resulting array represents the line-integrated light emission across a series of tangential chords in the major radial direction. An Abel inversion is then applied using the method described by Álvarez et al [24] as shown in equation (1) where I(x i ) is the line-integrated signal of each pixel i at radius x i and ϵ(r j ) is the inverted signal at radius r j : (1) Figure 4 shows the results of an Abel inversion for Shot 77584, an unforced plasma shot. The top graph is a plot of a single pixel over the course of the entire shot. It starts with a large increase in emissions around 1 ms which is a result of the breakdown and rapid ionization of injected neutral deuterium.
After the formation of the plasma, the light decreases slightly in intensity throughout the shot until a disruption terminates the discharge at 6.5 ms. The middle graph shows the major radius of the plasma centroid through the shot and the lower graph shows, in blue, the linear signal created from averaging the pixels in the black rectangle at 4.26 ms as described above. The line-integrated signal (blue line) is dashed toward the right because the view of the very edge of the plasma is blocked by the outboard limiter. The light is assumed to drop off, so the edge is modelled using a quadratic polynomial. The computed local emission profile is shown in red and is the result of the inversion. The profile is hollow, which is to be expected because the central plasma is hot and dense enough to be nearly fully ionized. The light emission results from recycled neutrals at the edge [25] .
Structure of the plasma fluctuations
While the Abel inversion was used to compute the static, non-perturbed intensity profile, it cannot easily provide any information about the plasma's fluctuations. One method for extracting these fluctuations is to perform an approximate background subtraction by taking each image and subtracting the one prior to it. The result is a series of images portraying the rate of change in light levels. At the standard frame rate of 88 000 fps, periodic oscillations can be detected without aliasing below 44 kHz, and images showing the change in intensity are computed, giving similar results to those using a high pass filter. Shot 76717 gives an example of where the difference subtraction is useful. The images were taken toward the end of the shot, within 100 µs of the disruption. Figure 5 shows the difference subtraction at time 4.174 ms when the edge safety factor was q ∼ 5 and the mode oscillation frequency was relatively rapid, ∼20 kHz. The difference image shows a many-lobed poloidal cross-section induced by helical perturbations that rotate in the electron drift direction. The image has been colored so that positive values, indicating an increase in the light level, are red, and negative values from decreasing light are blue.
The frame-by-frame subtraction works very well for fastmoving fluctuations, but for slow, steady plasmas, important signal information is not easily extracted. Instead of specifically designating aspects of the video as 'signal' and 'background' a different breakdown can be used to identify the dominant plasma behavior. A useful analysis method for this purpose is the biorthogonal decomposition (BD) [26, 27] . It is effectively a singular value decomposition (SVD) where the component matrices are the spatial and temporal modes that represent an orthogonal basis of the original 3D matrix of data.
The matrix of signals ⃗ S is broken into a spatial matrix ⃗ V , a temporal matrix ⃗ U and a diagonal matrix of singular values ⃗ σ as shown in equation (2) .
In the case of HBT-EP [17] , the spatial modes show the geometry of the coherent structures and the temporal modes indicate how those structures move. Often the spatial structures appear to be rigidly rotating in the toroidal direction. The singular values give an indication of the strength of each mode. By recombining the dominant spatial and temporal modes, a picture of the plasma's coherent activity can be determined. The biorthogonal decomposition has been used extensively on HBT-EP's magnetic probe signals [17, 28] , but it can also be applied to the data from the fast camera. Figure 6 shows an example of the spatial and temporal BD modes for Shot 77324, a plasma without an applied magnetic perturbation, computed over 1.5 ms. The first 'mode' from the fast camera BD is static and closely represents the background light. Usually, the next two modes approximate a quadrature pair, and if they are recombined, the dominant rotating mode can be seen. By comparing the light oscillations to measurements of the edge magnetic field [17] , we observe a decrease in local light emission corresponding to a decrease in the local poloidal magnetic field. Additionally, the frequency spectrum of the light oscillations correspond to the frequency spectrum of the magnetic oscillations measured by the shell-mounted Mirnov coils [29] . In the attached supplementary materials (stacks.iop.org/ PPCF/57/045008) 1 , we include videos that show the original camera data from Shot 77324 and a reconstruction of the temporal and spatial behavior of the light emission caused by the rotating m/n = 3/1 kink mode.
In addition to extracting the structure of plasma light fluctuations, the BD method can be used to measure a plasma's static response to applied helical magnetic perturbations. These non-rotating, quasi-static perturbations resonate with the equilibrium magnetic field at the plasma's edge and are therefore known as resonant magnetic perturbations (RMPs). One particular RMP commonly used on HBT-EP is the phase flip [16] [17] [18] [19] . A static m/n = 3/1 perturbation is introduced to a naturally rotating plasma, driving a static resonant mode that may influence the amplitude and rotation of the natural mode. After the plasma response settles, the polarity of the RMP is quickly reversed at 3.0 ms. After keeping the RMP held fixed in the reversed state for a certain amount of time, the RMP is turned off and the plasma returns to its unforced state. The result of performing a BD on fast camera data from Shot 78029, a phase flip shot, is shown in figure 7 . The spatial modes are quite similar to those in Shot 77324, as shown in figure 6 , however the second temporal mode displays a steplike function which is the result of the mode's resonance with the phase flip. This observation is similar to previous measurements which compared the magnetic structure of the helical plasma response resulting from quasi-static RMPs with the helical structure of naturally occurring edge kink modes [17] . Supplementary materials (stacks.iop.org/PPCF/57/045008) (online) show the temporal and spatial reconstruction of the light emission before, during, and after the application of the RMP.
Plasma response to RMPs under different conditions
The phase and amplitude of the RMP can be changed as well as characteristics of the plasma itself. In the case where the toroidal phase of the RMP is changed while the plasma settings are held constant, the overall fast camera BD doesn't change much. The temporal behavior is the same in each case and the phase flip is always at Mode 2. What does change is the spatial part. Figure 8 shows eight different shots, each taken with an RMP applied with a different toroidal phase. From the fast camera data it is apparent which of the programmed phases were used for the RMP.
If the toroidal phase of the RMP is held constant while the safety factor of the plasma or amplitude of the RMP is changed, different effects are apparent. In order to make comparisons, a quantitative measurement of the intensity of the plasma's response is required. This is achieved by extracting the fast camera mode that displayed the strongest step reaction to the phase flip, which is typically Mode 2. The root mean square of the spatial mode is multiplied by the singular value and the temporal mode. This produces a step-like signal which describes the overall light response to the phase flip. The measured static modulation in the light emission due to the RMP shows the same phase relationship Figure 6 . The first four modes from a biorthogonal decomposition of the fast camera data for unforced Shot 77324. The spatial modes are on the left and follow the same color bar as in figure 5 . The temporal modes are on the right. Mode 1 is the equilibrium emission, while modes 2 and 3 form a quadrature pair representing a toroidally rotating mode at a frequency near 7 kHz. See also the supplementary materials (stacks.iop.org/PPCF/57/045008) for the full video records of this discharge. between the visible light pattern and the perturbed poloidal magnetic field seen in naturally rotating kink modes, like that in figure 6 . Taking the averages of this signal before and after the phase flip and then subtracting them produces a numerical quantity that can be compared under different plasma conditions. An example of this calculation can be seen in figure 9 .
In the case where the RMP is held constant at = B B / 0.001
but the safety factor of the plasma is changed, a stronger response to the RMP can be seen when the safety factor at the edge, q a is closer to 3. This result is shown in figure 10 . The measured response with the camera is consistent with previous results using the magnetic signals [16, 17] . The calculation done using the magnetic signals is in black, while the fast camera response is in red. There is no absolute relationship between the fast camera's pixel intensity and the magnetic field strength, so this plot shows the relative trends because the light intensity scale is arbitrary. This variation in the plasma's RMP response with edge q is important, and we measure this variation independently using either magnetic or light fluctuations. Nevertheless, the explanation for this variation is still under investigation.
If the RMP amplitude is increased, linear theory predicts that the plasma's response will increase as well. To test this hypothesis, the RMP amplitude was doubled and the plasma response was measured under different safety factors. The two datasets can be classified by the ratio of the imposed resonant radial magnetic field strength to the toroidal field, B B / r 3/1 T : 0.001 and 0.002. Figure 11 (a) shows a comparison of the plasma response at these two different amplitudes as measured by the magnetic data [30] . Figure 11(b) shows the same results with the fast camera data. Both measurement methods indicate that there is a 
Summary and future work
This work represents the first experiments performed using a high-speed camera on HBT-EP and the first video observations of long wavelength kink modes in a wall-stabilized tokamak. The dominant wavelength of visible light was determined to be 656 nm or Dα light and is consistent with the expected light emitted from a predominantly deuteriumfuelled plasma. A hollow profile is observed when an Abel inversion is used on the light recorded from the midplane. The fast camera can successfully determine the response of the plasma to a resonant magnetic perturbation. The toroidal angle of the RMP can be determined from the fast camera BD spatial mode shape. The RMP response amplitudes calculated from the fast camera are consistent with similar measurements made from the magnetic sensors.
On the HBT-EP tokamak, opportunities exist for future studies using more than one camera. Multiple cameras angles could allow for more complete inversions, perhaps creating full 3D profiles. In addition, as fast camera technology improves, camera data could be used to provide measurements for feedback as well. Figure 11 . The plasma response versus q a at two RMP amplitudes (red and blue) as measured by the magnetic sensors (a) and the fast camera (b). The first plot is adapted from [30] and the second plot includes the response from unforced plasmas (black). 
